-~

MASTER COPY KEEP THIS COPY FOR REPRODUCTION PURPOSES

FORM APPROVED

REPORT DOCUMENTATION PAGE OMB No. 0704-0188

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions,
searching existing data sources, gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments
regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing this burden, to Washington
Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-4302,
and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188}, Washington, DC 20503

1. AGENCY USE ONLY (Leave blank) 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED
8/8/94

4. TITLE AND SUBTITLE 5. FUNDING NUMBER
Investigation of Superlattice Disordering and Diffusion Mechanisms
in GaAs---Final Report of contract DAAL03-89-K-0119

DAaLo3I-$9-k- o//7

6. AUTHORS

T. Y. Tan and U.Gosele

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
REPORT NUMBER

Department of Mechanical Engineering §nd Matedaly
Duke University, Durham, NC 27708-0] ;

10. SPONSORING/MONITORING
REPORT NUMBER

9. SPONSORING/MCNITORING AGENCY NAME(S)

U. S. Army Research Office ’
P. 0. Box 12211 P )
Research Triangle Park, NC 277092211 R Ao 26129, X7-MS

SUPPLEMENTARY NOTES Lo

11.

-

The view, opinions, and/or findings contained in this report are those of the author(s) and should not be
considered as an official Department of the Army position, policy, or decision, unless so designed by
other documentation.

12a. DISTRIBUTION/AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE

Approved for public release; distribution unlimited.

13. ABSTRACT (maximum 200 words)

Accomplishment of researches conducted under support of contract DAAL03-89-K-0119 have been
reported. Two ‘Ph. D. degrees have been granted to two students supported by this contract. A total of
six categories of studies, designated for convenience, have been performed. The first five categories of
studies concern the point defects and diffusion mechanisms of elements occupying the group II1 sub-
lattice of GaAs and/or AlAs/GaAs superlattice materials, and one category of studies concerns the
group V sublattice acceptor carbon in AlAs/GaAs superlattices. With theses studies, our knowledge of
point defects and diffusion mechanisms of elements occupying the -group III sublattice of GaAs and/or
AlAs/GaAs superlattice materials have now becoming substantially complete in the sense that inter-
pretations of almost all experimental results are self-consistent and mutually-consistent.

14. SUBJECT TERMS 15. NUMBER OF PAGES
Point Defects; Diffusion mechanisms; GaAs; AlAs/GaAs Superlattices. 13
16, PRICE CODE
17. SECURITY 18, SECURITY 19, SECURITY - 20. LIMITATION OF
CLASSIFICATION OF CLASSIFICATION OF CLASSIFICATION OF ABSTRACT )
REPORT THIS PAGE  ABSTRAGT ¢ o -
UNCLASSIFIED UNCLASSIFIED UNCLASSIFIED UL

Standard form 298 (Rev. 2-89)-="
Prescribed by ANSI Std Z39-18
298-102

9941128




INVESTIGATION OF SUPERLATTICE DISORDERING AND
DIFFUSION MECHANISMS IN GaAs

FINAL REPORT

T. Y. Tan and U. M. Gosele

iﬁ,cceaion For l
| NTIS  CRAS X
[ DTIC 1783 .
]
e US ARMY RESEARCH OFFICE
CONTRACT
DAAL03-89-K-0119

i
- ,;‘
i
]
5
i

DEPARTMENT OF MECHANICAL ENGINEERING
AND MATERIALS SCIENCE
'DUKE UNIVERSITY
DURHAM, NC 27708-0300

APPROVED FOR PUBLIC RELEASE;
DISTRIBUTION UNLIMITED




TABLE OF CONTENTS

ABSTRACT 3
. PROJECT SUMMARY 4
1L Ph. D. STUDENTS 4
1I1. TECHNICAL ACCOMPLISHMENT -5
1. Diffusion and effects of the p-type dopants Zn and Be 5
I11.2. Diffusion mechanism of the deep donor Cr 6
I1L.3. Group III sublattice point defect properties
in GaAs and related materials : 6
I11.4. Diffusion mechanism of the group III
sublattice n-type dopant Si 8
IIL5. The 69GaAs/7'GaAs SL disordering experiments 8
[1L.6. Diffusion mechanism of the p-type dopant C 9
References 9
IV. PUBLICATIONS . 11
IV.1. = Archival journal papers ' 11

IV.2. Conference proceeding papers 12




ABSTRACT

Accomplishment of researches conducted under support of contract DAALO3-89-
K-0119 have been reported. Two Ph. D. degrees have been granted to two students
supported by this contract. A total of six categories of studies, designated for conve-
nience, have been performed. The first five categorieé of studies concern the point
defects and diffusion mechanisms of elements occupying the group III sublattice of
GaAs and/or AlAs/GaAs superlattice materials, and one category of studies concerns
the group V sublattice acceptor carbon in AlAs/GaAs superlattices. With theses stud-
ies, our knowledge of point defects and diffusion mechanisms of elements occupying
the group III sublattice of GaAs and/or AlAs/GaAs superlattice materials have now
becoming substantially complete in the sense that interpretations of almost all

experimental results are self-consistent and mutually-consistent.



I. PROJECT SUMMARY

The research program supported by ARO contract DAALO3-89-K-0119 is entitled
INVESTIGATION OF S UPERLATTICE DISORDERING AND DIFFUSION MECHANISMS IN GaAs.
The principal investigators are T. Y. Tan, U. M. Gosele and R. Tsu. The performance
period was from 8/1/89 to 3/31/94, including two no-cost extension periods. The first
was from 2/1/92 to 12/31/92, for the purpose of effectively utilizing resources then
available for accomplishing more works. The second was from 7/1/93 to 3/31/94, for
the purpose of managing the return of the leased 69Ga and /1Ga isotopes to Oak Ridge
National Laboratory. In the second extension period, no further research work has .

been conducted under the support of the contract.

The purpose of conducting the studies supported by this project was to obtain
consistent interpretations of existing experimental results, as well as to conduct the
needed new experiments, concerning the point defect an diffusion phenomena oc-
curring to elements occupying the group Il sublattice in GaAs and in AlAs/GaAs su-
perlattice materials, which are relevant to device fabrications. Previously, such a
consistent interpretation did not exist. As a result of the present studies, our knowl-
edge on the nature of point defects and diffusion mechanisms on the Ga sublattice of
GaAs has become substantially systematic during the last few years. This means that
interpretations of different experimental results are now becoming self- and mutu-

ally consistent.

IL. Ph. D. STUDENTS

Under support of this contract, two students have received their Ph. D. degrees
from the Department of Mechanical Engineering and Materials Science, Duke
University. The first is Dr. Shaofeng Yu (1991) who is currently employed by Intel
Corporation, Portland, OR. Dr. Yu's dissertation title is STUDIES OF POINT DEFECT
EQUILIBRIA AND IMPURITY DIFFUSION MECHANISMS IN GALLIUM ARSENIDE. The sec-
ond is Dr. Horng-Ming You (1993) who is currently employed by Ady}anced Micron
Device Corporation, San Jose, CA. Dr. You's dissertation title is SELF-DIFFUSION AND
DIFFUSION OF SILICON, CARBON AND TRIPLY-NEGATI VELY-CHARGED ..Ga. VACANCIES IN.
GaAs AND AlAs/GaAs SUPERLATTICES. ‘




M. TECHNICAL ACCOMPLISHMENT

Under support of this contract, point defects and diffusion mechanisms govern-
ing elements occupying the group III sublattice in GaAs and related materials, e.g.,
AlAs/GaAs superlattices, have been studied. These include the following subjects: (i)
the diffusion mechanism and effects of the p-type dopants Zn and Be; (ii) the diffu-
sion mechanism of the deep donor Cr; (iii) the diffusiori mechanism and effects of the
n-type dopant Si; (iv) the group Il sublattice point defect properties in GaAs and re-
lated materials; (v) a ®>GaAs/7'GaAs superlattice (SL) disordering experiment. Prior to
these studies, a consistent interpretation of point defects and the diffusion mecha-
nisms in GaAs concerning the Ga sublattice did not exist. As a result of these studies,
our knowledge on the nature of point defects and diffusion mechanisms on the Ga
sublattice of GaAs has presently become substantially systematic, i.e., that interpre-
tations of different experimental results are now becoming self- and mutually
consistent. Most of the knowledge gained from the present studies have been
accepted by the scientific community by now. In addition, we have also conducted a
preliminary study of the diffusion mechanism and effects of the p-type dopant C

occupying group V sublattice.
In the following, summaries of the above mentioned studies are presented.
IL.1. Diffusion and effects of the p-type dopants Zn and Be

Existing experimental results in the literature have been first analyzed to study
the Zn diffusion mechanism and its effect on AlAs/GaAs SL disordering.!? It is con-
cluded that Zn diffusion (inferred also for Be) is governed by the kick-out mecha-
nism of the interstitial-substitutional impurities. The point defect species involved in
this kick-out mechanism is the doubly-positively-charged group III or Ga sublattice
self-interstitial, I;: . By fitting Zn indiffusion profiles, the Ié: contribution to Ga self-
diffusivity value in GaAs, Déa, has been obtained at 1100°C.* This is one factor allowed

. . I . . .
the determination of D, values as a function of experimental temperature, discussed -

in section III.3. Using such D; values, a simulation has been performed on the effect
of 7Zn indiffusion on the AlAs/GaAs SL disordering.” Fits were obtained between the

simulation results and some available experimental results.’ In collaboration with a

German group, experiments were performed to study.extended defect formation phe-. . . ... .

nomena induced by Zn indiffusion. Dislocations andvoids containing Ga-precipitates - -
were found.? The formation mechanism of these defects has been :proposed.3"‘. Two .-« -




most important findings® are that (a) in almost all experiments conducted in the past,
the Zn source is not a thermal equilibrium one, which leads to severe transient
changes in the Zn indiffusion process, the GaAs crystal composition, and the govern-
ing point defects (I;;r ) concentrations; and (b) irrespective of the Zn source condi-
tion, in experiments invoking an As-rich ambient, the GaAs crystal will never attain
a one composition condition. This is because Zn tends to produce a Ga-rich material
and is obtained at the diffusion front portion of the Zn profile, while the As-rich
ambient renders the GaAs crystal also As-rich at its surface portion. The common
practice of using an As-rich ambient was for the purpose of ensuring the Zn diffused
region of the GaAs crystal in a single As-rich composition. This premise had not been

fulfilled in any experiment.
1.2, Diffusion mechanism of the deep donor Cr

The deep donor Cr is also an interstitial—substitutiohal impurity occupying the Ga
sublattice. Analyzing existing experimental results, it is found that (a) under indif-
fusion conditions, Cr diffuses via the kick-out mechanisms for which the governing
point defect species is IG2; . and (b) under outdiffusion conditions, Cr diffuses via the
dissociative mechanisms for which the governing point defect species is the triply-
negatively-charged Ga vacancies, Véa As a results, the Ga self-diffusivity values
contributed by Ié; (Dga), and contributed by Véa (Dza) have both been extracted from

fitting available Cr diffusion proﬁles.5

II1.3. Group III sublattice point defect properties in GaAs and
related materials

Using results obtained in our previous and present studies,™® an estimate of Dg,

I
and D, values has been obtained.” They are given by

DZa(ni,l-atﬁl) _ 2.9x10° exp (-6 eV/k;T) cm?s™ | (1)
Dga(ni,Ga-rich) = 3-.93x1012 exp (-7.34 eV/kgT) cm?s™ (2)
DIGa(ni,l-atm) — 6.05 exp (-4.71 eV/kyT) em?’s™ 3
DIGa(ni,Ga—rich) = A4.46x10'4 exp (-3.37 eV/kgT) cm?s? S (4)

In these equations n, refers to the intrinsic condition, 1-atm refers to the GaAs crys: . -

tal being in equilibrium with an ambient with an As 4:pré'ssu1;c;i\{a1u_e{gquals to l-atm, = . ...



Ga-rich refers to a GaAs crystal with its composition being at the thermodynamically
allowed Ga-rich limit, kg is Boltzmann's constant, and T is the absolute temperature.
The values expressed by Egs. (1)-(4) are by now fairly generally used in the litera-
ture, for two reasons. First, they are the only set of such values available. Second,

they seem to be fairly accurate.

We have obtained thermodynamically correct expressions for the thermal equi-
librium concentrations of the six single point defect species in GaAs (the two vacan-
cies V,, and V,, the two self-interstitials I, and I, and the two anti-site defects As;,
and GaAS), 1nc1ud1ng neutral and all charged specres 8 ? Presently, the needed thermo-
dynamic parameters for performing numerical calculations are available only for
the Vg, species and the neutral antisite defect Asg,. Therefore, only the thermal
equilibrium concentrations of these species have been calculated.®® An extremely
1mportant and interesting finding is that the V thermal equilibrium concentration
CVS is temperature independent or exhibiting a small negative temperature depen-
dence for highly n-doped materials, in the sense that when T is lowered CVB is either
unchanged or increased. The C‘; values exhibit the normal positive temperature de-
pendence in that when T is lowered C‘; is decreased. This is a result of the fact that,
the free energy released by the electrons are sufficient to completely compensate
the configurational enthalpy for forming V . There are several sets of experimental
results requiring the assumption that the CV3 (n) values is attained at the onset of an
experiment or that non-equilibrium points defects are generated during the experi-
‘ment, which can only be satisfactorily explamed by the temperature independent or
negative temperature dependence of the Cva (n) values. The alternative p0331b111ty
that the Cva (n) values are reached in an 1n1t1al small time period after the onset of
an expenment is not feasible. To address this last point, a simulation study has been
performed and the results confirmed the impossibility of populating V to the ap-
propriate C‘; (n) value in a short time after the onset of experiments. 10 In order to
perform thlS s1mu1at10n we have formulated a diffusion- -segregation equation which
is generally applicable to all problems for which the diffusion and segregation be-
haviors of a species need to be accounted for together.'® This is the first time a gen—'
eral diffusion-segregation equation has become available. Task A of the present pro-

posal is based on these studies.




I11.4. Diffusion mechanism of the group III sublattice n-type
dopant Si

In this study, a set of Si outdiffusion experiments using pre-doped GaAs wafers
have been conducted.® The experimental results confirm our previously suggested
diffusion mechanism of Si in GaAs: that the V;a species are involved.* At the same
temperature, however, the Si outdiffusion diffusivity values are several orders of
magnitude larger than those obtained under Si indiffusion conditions.* This is ex-
p1a1ned by noticing the difference of the V,, thermal equilibrium concentrations

CVB in the two types of experiments. Because CV% is proportional to n’, initially the

GaAs crystal CV3 value is larger by many orders of magnitude in the outdiffusion ex-
periments than in the indiffusion experlments During the experiments, this trend
maintains by the development of a VGa supersaturation in the Si outdiffusion cases

anda V, undersaturation in the Si indiffusion cases.

IIL.5. The ®°GaAs/”!GaAs SL disordering experiments -

The %°GaAs/”'GaAs SL disordering experiment had been originally designed to
obtain Ga self-diffusivity values in the temperature range of around ~900°C so as to
compare with those expressed by Eq. (1), which are complied from Ga self-diffusivity
values at T>1100°C and Al-Ga interdiffusivity values at T<950°C. In the literature, there
are two sets of Al-Ga interdiffusivity data which are characterized by a 4 eV activa-
tion enthalpy and are higher than those given by Eq. (1), which consist of the ma-
jority of the Al-Ga interdiffusivity data. In the present %9GaAs/"1GaAs SL disordering

experiments, the measured Ga self-diffusivity values from 850 to 960°C are in agree- -

ment with the two sets 4 eV Al-Ga interdiffusivity data but not with the majority of
the data represented by Eq. (1).!! Our ®*GaAs/"'GaAs SL structures, grown on Si-doped

GaAs substrates, were undoped. After the disordering annealing, the substrate Si

doping level has decreased due to Si outdiffusion into the immediate adjacent SL lay- :

ers. The SL regions further away from the substrate where the Al-Ga interdiffusion

rates were measured, however, remained intrinsic. The decrease of the substrate dop-.-.. . ...

ing leads to a decreased substrate CV% (n) value, and hence some V must have been

released. These released V . migrate 1nto the still intrinsic SL regions, leadmg toa V

supersaturation. Thus, the present 4 eV Ga self-diffusion data is due toi,thew ca SUpEr- .

saturation effects. The two sets of Al-Ga interdiffusion data which showed the 4 eV




activation enthalpy were obtained from undoped AlAs/GaAs SL grown also on n-type
GaAs substrates doped by Si.

I11.6. Diffusion mechanism of the p-type dopant C

In this study, a set of experiments has been conducted to investigate the effect of
doping by carbon on the AlAs/GaAs SL disordering process.}? Carbon in GaAs and
AlAs is an acceptor species occupying the As site, tEA;. It has been found that, under .
As-rich (PAS4=1 atm) annealing conditions, Eq. (3) together with the fact that Cjz:;ocpz
have yielded calculated Al-Ga interdiffusivity values slightly higher than those ob-
tained experimentally from the AlAs/GaAs SL disordering rate measurements. Under
Ga-rich annéaling conditions, however, the experimental Al-Ga interdiffusion data
are lower than that predicted by the use of Eq.-(4) by about 2 orders of magnitude.
This is understood to be due to an undersaturation in IGZ: , since such an I;: undersat-
uration is present at the onset of experiments and the process of populating the SL

. 2+ 3 . . . .
via I, indiffusion from the sample surface is not effective.

For (EM- itself, phenomena involve both (I:A; diffusion and the hole concentration
reduction have been observed and analyzed. The experimental results, in consistency
with analytical results, showed that carbon in GaAs is most likely an interstitial-
substitutional species diffusing via the kick-out mechanism, and that the hole reduc-

tion is due to a precipitation process of the € A_S atoms.?
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